Abstract -In this paper we present a Monte Carlo based application to evaluate estimates of nodal marginal prices leading to target prices of transmission congestion contracts. The application integrates an optimization model to evaluate nodal marginal prices for each sampled state including an estimate of transmission losses. This formulation is integrated in a Monte Carlo simulation in order to deal with the probabilistic nature of component outages and to allow the user to represent load behavior using Load Duration Curves. The computational performance of the Monte Carlo simulation is enhanced by adopting a variance reduction acceleration technique based on a regression function. At a final section the paper includes results from a case study to illustrate the application of the model and to evaluate the efficiency of the referred acceleration technique.
I. INTRODUCTION
The re-regulation of power systems imposed new challenges namely related to the preparation of tariff schemes for services that were previously supplied in an integrated way. In fact, the tariffs paid by end-users typically remunerated in an integrated way the costs incurred by the companies in terms of generation, transmission, distribution and commercialization of electricity. However, the vertical restructuration -in terms of decoupling generation, transmission and distribution -and the horizontal change in order to enforce the existence of a large number of players in each of those segments, imposed the legal separation of activities (or at least the contabilistic separation, as it is required in a minimalist way in the EU 96/92 Directive on the Common Electricity market). This separation aimed at inducing competition in the segments where that was possible and in favouring transparency and preventing cross subsidies. The more recent separation between distribution wiring activities and commercialization of electricity created at the distribution level a similar situation regarding the one that already existed in transmission. Now, both in transmission and distribution, we have network activities whose services are supplied by natural monopolies since it is not feasible to duplicate the lines. Apart from that, there are agents that use the networks, establishing supply contracts with end-users, and paying tariffs to remunerate the network owners for the use of networks. This leads to areas as Regulhon of network companies and to the conception of tariff mechanisms to remunerate them.
Regarding Regulatory practices, the situation of transmission and distribution network companies is typically different in terms of technical and economic efficiency, in terms of the share of their costs in the cost of the final product and in terms or the investment requirements in order to increase the automation levels. In fact, it is common that distribution companies are much less efficient, provide the service with typically lower quality of service indices and require larger investments to improve their standards. This typically leads to the use of CoSfRoR Regulation -Cost of Servicemate of Return -for transmission companies and to Incentive One of the most important drawbacks of nodal marginal prices is related with their inherent volatility [3, 41. These prices very much depend on the load level, on the generation prices, on the topology of the system in operation and on component outages. This means that, in fact, prices change continuously leading to a certain unpredictability of the amount to be paid or received. If this situation is put together with the possibility of congestion leading to large differences on nodal prices, and thus with the possibility of load curtailment in order to ensure system security, we have a set of ingredients turning the environment quite uncertain. In [5] the authors describe the use of Long Term Transmission Congestion Contracts -TCCas a way to hedge against congestion and with large nodal price differences. These contracts are established between network users and the network provider and require an agreement regarding a Target Price around which there are compensations from the network provider to the users or on the reverse way. This mechanism is very similar to the well known CFD'sContracts for Differences -well established between generation and consumers. TCC would contribute to reduce the volatility of the stream of money received by transmission companies and would turn the use of the network more predictable by users, thus reducing one of the sources of uncertainty.
Taking in account this concern, in this paper we present an application designed to evaluate estimates of nodal marginal prices considering load uncertainty, transmission losses and component outages. The model uses a Monte Carlo simulation do deal with the reliability of system components and to sample load levels. Each system sampled state is analysed running an adapted DC-OPF algorithm that includes an estimate of transmission losses. From each of these runs, the values of dual variables of the optimization problem are used to evaluate nodal marginal prices. The typical large computational burden of Monte Carlo simulations is addressed by considering an acceleration scheme based on a control variable to reduce the variance of the sample. Finally, the proposed paper includes results obatined for a test network to illustrate the use of the 0-7803-7139-9/01/$10.00 02001 IEEE application and to turn more clear the interest of the evaluation of estimates of average nodal marginal prices.
After this Introduction, Section I1 provides some background on tariff methodologies with a special emphasis on marginal approaches. In Section I11 we detail the used optimization DC -OPF module. Section IV describes the Monte Carlo application specially focusing on the acceleration technique. Finally, Section V presents results of a case study designed to illustrate the application and based on the IEEE 24 bus138 branch system.
TARIFF METHODS
The implementation of competitive mechanisms started in the generation segment either with pool schemes or via the bilateral contract approach. In this case, transmission networks remained as natural monopolies in the sense they were considered to have sub-additive cost functions and it was neither economically nor technically feasible to duplicate networks. At the beginning, large consumers and distributors were considered eligible in the sense they had direct access to the markets. Recently, the eligibility levels started to decrease meaning that the right of choice of supplier started to be given to LV end users. This usually .requires the creation of companies owning and operating distribution networks -wire companies -and retailers aiming at selling services, namely the supply of electricity. At the end of this process, electricity is much closer to a tradable commodity as many other products and services, although having particular characteristics that impose and require special technical procedures.
The adoption of market mechanisms means that network services are decoupled from commercial activities so that the flow of electricity is actually separated from the flow of money. Clearly, transmission and distribution wiring companies must be remunerated for the use of their networks thus creating new challenges in terms of the conception of tariff schemes. The number of publications and reports on this issue, as [ [2] are examples of methods in this class.
They are usually simple to apply but they are generally absent of economic basis and some of them are not even based on the real physical operation of the system; Incremental Methods usually based on the evaluation of the cost of transmission with and without a certain transaction. These methods, as the Areas of Influence used in Chile and Argentina to partially allocate transmission costs, have an economic basis but their practical application is usually complex if a large number of participants or transactions is present. Apart from that, they require the definition of a base or reference state on which new transactions are superimposed. In this case, it is evident that the order of introduction of those new transactions and agents is important. This may lead to less transparent and -Marginal Approaches are based on the evaluation of the cost of supplying a new unit of load connected to each bus of the system. These approaches can only reflect operational costs or can integrate long term decision investments. The last ones are more complex to be computed but would provide more economically sounded and stable values. Despite their deficiencies, short term nodal prices are used in several countriesChile, Norway, Sweden, California and several US states of the eastern cost -to provide at least part of the required regulated remuneration.
The short term marginal price of electricity at instant t in node k, pk , also called the spot price at that node is measured by the variation of the cost function due to the supply a new unit of load connected at node k at instant t. Spot prices display a geographic distribution due to several factors as transmission losses and branch limit constraints that are on the limit. This requires redispatch actions leading to the use of more expensive generators. Based on these prices, generators in node i are paid the spot price pi and loads in node j pay the spot price p j .
Due to this geographic dispersion, spot prices are usually higher in load nodes when compared with the values in generation nodes or dominant generation areas. This means there is a surplus of remuneration given by (1) .
MR=Cpk.(P1k -pgk) (1) In this expression MR represents the marginal based remuneration, P1, and Pg, are the load and generation at node k. In real systems MR is reported to correspond to a reduced fraction of the total remuneration. In any case, the advantages in terms of the economic signals transmitted by marginal prices to the users in order to induce more efficient behaviors are sufficiently important to consider marginal components in the transmission tariff schemes of several countries. In England & Wales, the difference between MR and required remuneration level as well as the volatility of marginal prices motivated the 
EVALUATION OF NODAL MARGINAL PRICES
Nodal marginal prices can be calculated as a sub-product of optimization dispatch procedures as exemplified in references [7, 8, 91. In [7] the authors evaluate nodal marginal prices by affecting the marginal price in a reference bus by penalty coefficients. This contributes to induce the geographic dispersion of prices but they only reflect transmission losses. The models in [8, 91 integrate a detailed representation of the transmission system so that it is possible to evaluate nodal marginal prices by aggregating in a adequate way the dual variables of several constraints.
The model used in the application that was developed was originally used in [8, 91 and it corresponds to an adapted DC-OPF formulation. It integrates as many balance equations as nodes in the system and constraints related to branch flow limits. This model uses node phases as explicit variables of the problem and integrates a linear approximation of branch losses by substituting (2) by a linear equation computed at a given operation point. Let us consider that at the end of a DC-OPF run we obtain the phase 8, at every node k. Using these values, we can obtain the linear equation of the line tangent to ( 2 ) for each branch. For branch ij this leads to (3). Expressions (4) and (1 5 ) give the two coefficients in the right side of (3 In this model half of the losses in each branch are added to the loads in each extreme bus. According to these ideas, the DC OPF formulation is given by (6) to (10). In this formulation (7) is the nodal balance equation for node k written using elements of the DC admittance matrix, BDC. Constraints (8) and (9) impose bounds to generation and power not supplied while (1 0) correspond to limits on active branch flows expressed in terms of the difference of phases on the extreme nodes. At the first run all phase angles are zero. Once this run finishes, the model provides the values of phases leading to the calculation for each branch of the coefficients (4) and (5). The loss approximations are then included in (7) leading to a new run of the problem.
Nodal marginal prices can be computed using the values of dual variables of some constraints evaluated in the last OPF run of the previous iterative process. According to the above formulation an increase of one unit in the load in node k has an impact in the right hand side of constraints (7) and (9) thus leading to expression (1 1) for the price in node k. In this expression Yk and o k are the dual variables of constraints (7) and (9) related to node k.
IV. MONTE CARLO SIMULATION A. General Issues
Monte Carlo simulation has long been used to integrate probabilistic uncertainties in models aiming at analysing the behavior of several systems generally having a large number of possible residence states. In real cases, this large number prevents one from adopting an enumeration technique to evaluate average indices. Monte Carlo approaches address this difficulty by sampling a number, still generally large, of system states from which one tries to obtain estimates of average values reflecting the above uncertainties. References [ 10, 1 11 describe the application of such techniques to evaluate reliability indices of power systems. They require a number of steps including a sampling procedure, a function to analyse the sampled states and an aggregation step to refresh the estimates computed along the iterative process. In our case, the DC-OPF model detailed in Section I11 is used to analysed the sampled states.
B. Sampling and Convergence Monitoring
In our application we adopted a non-chronological sampling strategy that only uses the Forced Outage Rates -FOR -of generators, transformers and lines. After sampling a pseudorandom number for each component, that component is declared in outage in the current system state if that number is inferior than its FOR. This procedure leads to the set of components in service in that state. The characterization of that state also requires sampling the load level. This supposes that nodal loads are organized in terms of load duration curves as the one depicted in Fig. 1 . For this purpose, we sample an extra pseudo-random number in the interval [0.0;1.0] leading to the selection of the time step to be used in this state for the loads in all nodes. This state is then analysed by running the described DC-OPF model to calculate nodal marginal prices in the network. For each node k this iterative procedure identifies a sample of marginal prices leading to the computation of estimates of their average values (12). In this expression N is the number of sampled and analysed states. It should be noticed that it is not necessav to sample the duration of each state nor the adoption of more involving chronological sampling strategies since we are only interested in the average of nodal prices weighed by the probabilities of each state according to the sampling procedure.
The convergence of this process is usually monitored by calculating the uncertainty coefficient P for each node k (1 3). P is computed using the variance of the sample of nodal prices calculated for node k as well as the current estimate of its average value. Once a threshold is defined for this coefficient, the simulation process ends when the computed P k is smaller than the specified one, for all system nodes.
C. Acceleration Scheme
One of the drawbacks of Monte Carlo approaches is the computational burden related to the large number of states to sample and analyse. Based on (13) several researchers used acceleration techniques based on the reduction of the variance of the sample [lo, 111. If that is achieved, it is possible to calculate estimates with same quality -value of the uncertainty coefficient -sampling a more reduced number of states.
The regression function or control variable technique requires the use of an external function that is a good approximation of the function to evaluate. In our case, the values of nodal marginal prices are determined by aspects related to the generation system and by losses and congestion in the transmission network. Therefore, one possible control function is the nodal price only due to the generation system considering that the transmission network was eliminated, that is, the marginal price in a one bus system. Let us denote the marginal price in the one bus system in state s by pp"" . State s is characterized by the generators in service and by the load level considering the sampling procedure detailed in 1V.B.
The value p,G"" can be easily computed by simply loading the available generators according the merit order of their variable costs until the load is supplied. The variable cost of the last dispatched generator is pp"" . This may correspond to the cost of PNS if the load is larger than the available capacity. It should be noticed that p y is common to all system nodes and it is an approximation to Pk,s. If that approximation is good, the residuals are small and the variance of the sample is reduced. Using this information, the estimate of the average value of the nodal marginal price in node k is given by (14 This means that as NG gets larger, the product p p . p ( s ) will not increase and, in most cases, will decrease. Therefore, the impact of these terms will be more and more reduced meaning that those terms can be neglected without compromising the accuracy of the estimate of ~(p'"").
--Finally, one reference to the load levels. The above guidelines are directly used if loads are defined by a flat load duration curve. If the load duration curve has several time steps as the one in Fig. 1 , we should reflect this fact in the evaluation of E(pGen) . This can be done by calculating E(pGen) for each of the load levels in the load duration curve and aggregating these values using (1 6) . In this expression prob(leve1 L) is the probability of the load level L corresponding to the normalized duration of that load step.
A. Network and Data
In this section we present several results obtained with a case study based on the IEEE 24 bud38 branch test system. In Tables I, and I1 we include the main characteristics of generators (node, variable cost, capacity and FOR) and the load base scenario. The branch characteristics (nodes, capacity, FOR, resistance and reactance) as well as other characteristics of this system can be found in [12] . In the simulations to be described, the cost of PNS (coefficient G in the model (6) to (10) Tables I11 and IV show that those prices strongly depend on network comments: In Table V we present the estimates of Nodal Average Marginal prices obtained with the Monte Carlo simulation considering four load situations. Columns 2, 3 and 4 include the operational issues (namely, transmission congestion) and on load levels and outages; it is important to notice that, in this network, the effect of losses in neglectible. The comparison of columns 2 and 5 , 3 and 6 and 4 and 7 of Table 111 shows that the effect of losses is reduced. It should also be referred that the dispersion showed in columns 2, 3 and 4 of Table I11 is only due to congestion problems meaning that, in this case, this effect is much more relevant than losses; in some cases, there are higher nodal marginal prices when computed without losses than when evaluated with losses. This is due to the way transmission losses are included in the formulation. This may create a sufficiently different load pattern leading to new branches on the limit or to the adoption of slighlty different gerneration policies; it is interesting to notice the influence of load increase in marginal prices for the triple generator outage (Table IV) . For this outage and for the higher load level there is PNS in node 14. For this node, a load increase of 1 unit directly goes to PNS so that the variation in the cost function exactly corresponds to the cost of PNS (250$/MWh); it is important to notice that the acceleration scheme has a good performance with the exception of the convergence of the estimate for node 7. For the remaining nodes and for the intermediate load level, there is a maximum reduction of 40.26% (node 22) of the number of samplings and a minimum reduction of 22.83% (node 6); node 7 has a special characteristic since it is linked to the rest of the system by one only congested line and it is also connected to three generators that are not on the limit. In fact, the sum of the load in node 7 plus the transmission capacity of branch 7-8 is only two thirds of the installed capacity in node 7. The presence of active transmission constraints in situations like this decouples the network in several areas from the point of view of marginal prices leading to this convergence problem; as it can seen in Table VI, the Monte Carlo simulation is far more efficient when sampling the load level according to the load duration curve. The estimates of nodal marginal prices could also be obtained by running independent Monte Carlo simulations for each load level and composing the results using the probability of each load level. In this case the surplus if computational time is quite large; -although very simple as it does not include any information about the transmission network, the acceleration scheme is generally quite effective. However, research should go on in order to build a more complete approximate function to deal with the above referred difficulty. On conducting this research, one should not forget that the approximate function must not be too complex so that a global reduction of the computational time is not compromised. In this paper we described an application that allows the user to evaluate nodal marginal prices and estimates of their average values in the scope of the computation of target values to help establishing Transmission Congestion Contracts. Short term marginal approaches are usually criticized for leading to revenue reconciliation problems and for the volatility of related tariffs. This volatility is due to a number of reasons that should be addressed in order to make the stream of money received by transmission providers and paid by network users more stable and predictable. In this sense, Transmission Congestion Contracts are a way to hedge against large changes in the operation conditions of transmission networks having a strong impact in nodal prices given the possible decoupling of the network in several economic areas.
In this paper we addressed two of reasons leading to that volatility -component outages and load variations modelled by probabilistic concepts. These issues were addressed in the scope of a Monte Carlo simulation approach for which we also described an acceleration scheme aiming at reducing the computational burden. The tests that were performed showed that the proposed approximate function, although very simple, performs well except for areas poorly linked to the rest of the network or, in order words, that are separated from the rest of the system by active branch flow constraints. This justifies that further research is directed towards this topic in order to build better approximate functions namely including some information about particular problems imposed by transmission networks. This should be done carefully in order not to compromise the reduction of the computational burden to be obtained by the adoption of that acceleration technique.
This kind of methodologies can be of use by several entities in today's reregulated power systems allowing them to anticipate consequences of adopting some tariff schemes and contributing to reduce the risk and volatility of the environment.
